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  
Abstract—In this letter, a microstrip-fed open-ended resonant 
antenna (RA) based on an extended composite right/left-handed 
(ECRLH) unit cell structure is presented for multiband 
operations. This antenna includes an asymmetric ECRLH unit 
cell as the main resonator and a short microstrip line as the 
feeding line. This designed RA, of overall size of 56 mm  64 mm  
1.575 mm, generates ten operating resonances covering several 
commercial frequency bands over 0.5-6 GHz. Measured and 
simulated results have a close agreement. Furthermore, the 
equivalent circuit model of the proposed RA is developed. For 
each operating resonance, the major control parts in this antenna 
structure and the primary radiation sources for each operating 
resonance are analyzed and summarized. 
 
Index Terms—Extended composite right/left-handed 
(ECRLH), multiband antenna, resonant antenna. 
I. INTRODUCTION 
ITHIN the last decade, artificial electromagnetic 
metamaterial has attracted great interest due to the 
design possibilities enabled by non-linear dispersion, 
simultaneous negative electric permittivity and magnetic 
permeability, backward-wave propagation, and negative 
refractive index. Composite right/left-handed (CRLH) 
transmission-line (TL) structures are a classic artificial 
electromagnetic metamaterial, which have already been used in 
designs for microwave, millimeter-wave and optical 
components [1]-[3]. CRLH unit cells can also be combined 
with conventional antennas to realize metamaterial-inspired 
resonant antennas (RAs) [4]-[6]. These RAs can be categorized 
into two types – short-ended and open-ended. In short-ended 
RAs, one or more CRLH unit cells are integrated into 
conventional antennas with a short circuit at the termination, 
enabling the RAs to operate in different modes, i.e., the 
zeroth-order mode (m=0), negative-order modes 
(m=-1,-2,-3,…), or positive-order modes (m=+1,+2,+3,…). 
Most RAs of this type are designed to radiate using the 
zeroth-order mode, as in [4] and [5]. In open-ended RAs, the 
major advantage is that more operating resonances can be 
generated for multiband applications by usually exciting one 
CRLH unit cell. In [6], a monopole antenna loaded with one 
CRLH unit cell was proposed for triple-band applications. In all 
these designs, only two or three resonances are generally 
generated to work at the chosen frequency bands. 
Multiband property can be achieved by the extended CRLH  
 
 
 
Fig. 1. Equivalent circuit model of one asymmetric ECRLH unit cell. 
 
(ECRLH) TL structure [7] which is also referred to as the 
generalized negative-refractive-index (GNRI) TL structure [8]. 
The equivalent circuit model of one ECRLH TL unit cell 
structure is shown in Fig. 1. With four pairs of L-C resonators, 
the ECRLH TL unit cell structure can generate two pairs of the 
alternating left-handed (LH) and right-handed (RH) bands, 
thereby forming dual, triple, quad or even multiple bands in 
different operating conditions. In [9], a distributed amplifier for 
quad-band applications was designed based on the ECRLH TL 
structure. In [10], a substrate integrated waveguide periodic 
leaky wave antenna based on the ECRLH TL structure was 
designed for dual-band applications with the filtering 
characteristics achieved simultaneously. The ECRLH unit cell 
structure can also be used for RA designs to achieve multiband 
operations. 
This letter presents a microstrip-fed open-ended RA 
incorporating an asymmetric ECRLH unit cell for multiband 
operation. The configurations of the proposed RA are shown in 
Fig. 2. In this RA, three interdigital structures (IDSs) are 
designed to realize Chs, Chp, and Cvs, respectively. Fig. 3 shows 
these three IDSs with different dimensions. The proposed RA 
generates ten operating resonances over 0.5-6 GHz using the 
intrinsic modes of the ECRLH unit cell resonant structure. This 
antenna is fabricated and measured to demonstrate the antenna 
characteristics. The equivalent circuit model of this RA is also 
developed. Furthermore, the major control parts in the RA 
structure and the primary radiation sources for each operating 
resonance are analyzed and summarized. 
II. ECRLH TL THEORY 
The ECRLH TL theory, which has been explained in [7] and 
[8], is briefly introduced here. The ECRLH TL structure can 
have two CRLH bands respectively at the low and high 
frequencies with separation by a middle bandgap. Referring to  
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(a)                            (b) 
Fig. 2. Configurations of the proposed RA, (a) front view; (b) rear view.  
 
  
   (a)                              (b)                                  (c) 
Fig. 3. IDSs in the RA structure, (a) Chp; (b) Chs; (c) Cvs. 
 
TABLE I 
DIMENSIONS OF THE PROPOSED RA 
 
 
Fig. 1, there are two horizontal L-C resonators (i.e., Lhs-Chs and 
Lhp-Chp) and two vertical L-C resonators (i.e., Lvs-Cvs and 
Lvp-Cvp). The total impedance of the horizontal branch and the 
total admittance of the vertical branch are given by (1) and (2), 
respectively: 
      Zh = Zhs + Zhp = jωLhs +
1
jωChs
+
1
jωChp+
1
jωLhp
                   (1) 
                   Yv = Yvs + Yvp =
1
jωLvs+
1
jωCvs
+ jωCvp +
1
jωLvp
                (2) 
The corresponding resonant frequency of each resonator is 
given by (3): 
   ωhs =
1
√LhsChs
, ωhp =
1
√LhpChp
, ωvs =
1
√LvsCvs
, ωvp =
1
√LvpCvp
     (3) 
The transmission ABCD matrix of an ECRLH TL unit cell 
can be given by (4): 
               [
A B
C D
]
1_unit
= [
1 Zh
0 1
] [
1 0
Yv 1
] = [
1 + ZhYv Zh
Yv 1
]            (4) 
                 
                                (a)                                                      (b) 
Fig. 4. Photographs of the fabricated antenna, (a) front view; (b) rear view. 
 
 
Fig. 5. Full-wave simulated, circuit-model simulated and measured S11 results 
of the proposed RA. 
 
The ECRLH TL structure can mainly work at two different 
operating conditions - unbalanced and balanced condition [8]. 
In the unbalanced condition, there is a stopband in the transition 
area from the LH band to the RH band within each CRLH band. 
In the balanced condition, the original stopband within each 
CRLH band is closed to form the smooth transition from the 
LH band to the RH band. Thus, two balanced points are formed 
within both CRLH bands simultaneously. For the balanced 
condition, ω0 is defined within the middle bandgap area, which 
is also the resonant frequency of Lhp-Chp and Lvs-Cvs, i.e., 
ω0 = ωhp = ωvs  [8]. Different operating conditions of the 
metamaterial-based (e.g., CRLH or ECRLH) unit cell can result 
in different frequency responses of the RA. In [6], the effects of 
the operating conditions of one CRLH unit cell on the 
frequency response of a microstrip-fed monopole antenna 
loaded with this unit cell have been demonstrated. Benefiting 
from the characteristics of the unbalanced condition, the RAs 
usually designed with this metamaterial-based unit cell in this 
condition may generate multiple operating resonances working 
at the chosen frequencies. 
III. SIMULATION AND MEASUREMENT 
A. Antenna Design 
The proposed RA is realized on Rogers RT/duroid 5880 with 
thickness of 1.575 mm, dielectric constant of 2.2, and loss 
tangent of 0.0009. As shown in Fig. 2, this RA mainly includes 
an asymmetric ECRLH TL unit cell structure as the major 
radiator and a short microstrip line as the feeding line. The IDSs 
for Chs, Chp, and Cvs shown in Fig. 3 are designed in this RA 
structure. Cvp is achieved by the parasitic capacitance of the 
vertical parallel copper strips. These vertical paralleled strips  
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
3 
 
Fig. 6. Simulated and measured gains of the proposed RA at resonant 
frequencies. 
 
       
(a)                                                       (b) 
Fig. 7. Current distribution of this RA at (a) 0.887 GHz; (b) 5.5 GHz. 
 
are respectively placed on the top and bottom layers and are 
connected through two metalized vias. The metal strip on the 
bottom layer is modelled as the ground of the ECRLH unit cell, 
which is not connected to the main ground of the antenna. Lhs, 
Lhp, Lvp and Lvs are realized by the horizontal and vertical 
copper strips. The overall size of the proposed RA is 56 mm  
64 mm  1.575 mm (i.e., 0.16λ0  0.18λ0  0.004λ0, where λ0 is 
the wavelength of the lowest operating frequency of              
0.887 GHz). The detailed dimensions of the proposed RA and 
three IDSs are listed in Table I. The photographs of the 
fabricated antenna are presented in Fig. 4. 
B. Measurement and Simulation 
The full-wave simulated (black dash line) and measured 
(blue solid line) S11 results of the proposed RA are shown in 
Fig. 5. According to the full-wave simulation, this RA has ten 
operating resonances over 0.5-6 GHz respectively working at 
GSM-850, DCS, PCS, UMTS, Bluetooth, WiFi (2.4 GHz and   
5 GHz), TD-2500 and WiMAX (2500-2690 MHz, 3400-3690 
MHz, and 5250-5280 MHz). Fig. 6 shows the measured and 
simulated gains of this RA. At 0.887 GHz, the simulated gain is 
-2.358 dB and the measured one is -3.38 dB. For the 1st 
operating resonance at 0.887 GHz, the current mainly flows 
around the loop structure formed by the parts of Lhp and Chp in 
this RA structure, which is shown in Fig. 7(a). The electrically 
small size of this loop structure results in the low radiation 
efficiency, which further leads to the low antenna gain. 
However, the full-wave simulation shows that the radiation 
efficiency and antenna gain using this operating resonance will 
be improved at higher frequencies. Fig. 8 plots the measured 
and simulated co-polarized and cross-polarized radiation 
patterns of YOZ and XOY planes at 0.887 GHz, 2.4 GHz and 
         
(a)                                                        (b) 
           
(c)                                                        (d) 
        
(e)                                                        (f) 
Fig. 8. Farfield patterns of the proposed RA, (a) YOZ plane at 0.887 GHz;        
(b) XOY plane at 0.887 GHz; (c) YOZ plane at 2.4 GHz; (d) XOY plane at     
2.4 GHz; (e) YOZ plane at 5.5 GHz; (f) XOY plane at 5.5 GHz. 
 
 
Fig. 9. Equivalent circuit model of the proposed RA. 
 
5.5 GHz, respectively. The patterns at 0.887 GHz and 2.4 GHz 
are omnidirectional. However, the patterns at 5.5 GHz are 
non-omnidirectional, due to the radiation characteristics of a 
combination of multiple radiation parts (i.e., L1, L2, L6, L7, 
W2, and Wf3) in the RA structure as shown in Fig. 7 (b). 
According to Fig. 8 (b), Fig. 8(d) and Fig. 8(f), this RA exhibits 
the patterns with a horizontal linear electric field polarization. 
C. Analysis of RA 
The equivalent circuit model of the proposed RA is 
developed, which is shown in Fig. 9. In this model, C01, C02,  
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TABLE II 
COMPONENT VALUES IN THE EQUIVALENT CIRCUIT MODEL 
 
 
Fig. 10. Effects of the changing of the finger length Wf1 for the IDS Chp on the 
frequency response of the proposed RA. 
 
TABLE III 
SUMMARY OF MAJOR CONTROL PARTS AND PRIMARY RADIATION SOURCES 
FOR EACH OPERATING RESONANCE 
 
 
C03, and C04 represent the parasitic capacitances between 
different parts of the ECRLH unit cell structure and the main 
ground. The parameter values are firstly extracted by analyzing 
each part of the antenna structure from the full-wave simulated 
data, and appropriate values are then selected for C01, C02, C03, 
and C04. After further optimization, the final component values 
extracted for the circuit model are listed in Table II. The 
circuit-model simulated S11 (brown dash line) is also shown in 
Fig. 5. The difference between the full-wave and circuit-model 
simulated S11 mainly results from the neglect of some coupling 
effects among the antenna structure which is for slight 
simplification of the equivalent model. 
In terms of the operating resonances, each is generated by the 
specific parts of the RA structure. For instance, the 1st 
operating resonance mainly radiates and is controlled by the 
parts of Wf1, W2 and W3 of the loop structure. Fig. 10 shows 
that the finger length changing of Wf1 mainly affects the 1st 
operating resonance with little influence on the coverage of the 
other operating resonances. The radiation and control of the 
other operating resonances can be also analyzed by 
investigating the current distribution at each corresponding 
resonant frequency. At each resonant frequency, the current 
distribution is intensive on the main ground, or the IDS-loaded 
loop structure, or the IDS-loaded dipole structure (i.e., mainly 
formed by the parts of Lvs, Lvp, Cvs and Cvp), or a combination of 
them. Table III summarizes the major parts in this RA structure 
that control each operating resonance and the primary radiation 
sources for each operating resonance. Thus, the proposed RA 
can be equivalently viewed as a complicated combination of a 
ground loop and dipole structures loaded with three IDSs.  
IV. CONCLUSION 
This letter proposes a microstrip-fed open-ended RA based 
on the ECRLH TL unit cell structure. This RA generates 
multiple operating resonances covering the commercial 
frequency bands of GSM-850, DCS, PCS, UMTS, Bluetooth, 
WiFi (2.4 GHz and 5 GHz), TD-2500 and WiMAX (2500-2690 
MHz, 3400-3690 MHz, and 5250-5280 MHz). The equivalent 
circuit model of this antenna is further developed. The major 
control parts in the antenna structure and the primary radiation 
sources for each operating resonance are summarized. The 
exploration of independent control of one or some specific 
operating resonances and the radiation improvement of the 1st 
operating resonance will be taken as future research directions. 
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